ABSTRACT. Brain damage caused by perinatal asphyxia is dangerous for neonatal infants, but the mechanism by which it occurs remains elusive. In this study, microRNA-152 (miR-152) expression was induced by low oxygen levels in rat models of hypoxia brain damage, as well as in human brain microvascular endothelial cells (HBMECs) cultured in vitro. Analysis of the sequence of miR-152 revealed that the phosphatase and tensin homolog gene (PTEN) is probably the target of miR-152 both in humans and rats. When HBMECs were transfected with miR-152 mimics, PTEN expression was inhibited at both the mRNA and protein levels. Moreover, transfection with the miR-152 mimic also inhibited apoptosis induced by hypoxia. Furthermore, expression of the pro-apoptotic gene Bax was downregulated while the anti-apoptotic gene Bcl2 was upregulated after miR-152 mimic transfection. Taken together, these results indicate that miR-152 induced by hypoxia suppresses cell apoptosis and acts as a protective factor during hypoxia by repressing PTEN.
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INTRODUCTION
Hypoxic-ischemic brain disease (HIBD) in newborn infants is a damage to the brain caused by partial or total hypoxia, or decreased cerebral blood supply to the brain due to perinatal asphyxia (Shian et al., 1994) . The consequences of HIBD for the infant are variable and depend on the severity of the hypoxia (Douglas-Escobar and Weiss, 2012; Chalak et al., 2014) . While full recover is possible for some mild cases, sequelae of the central nervous system can also occur to different extents (Douglas-Escobar and Weiss, 2012; Chalak et al., 2014) . During this process, hypoxia leads to a set of complicated pathological events including cell apoptosis (Zweckberger et al., 2006; Salmaso et al., 2014) .
MicroRNAs (miRNAs) are short non-coding RNA molecules that negatively regulate gene expression through mRNA (Ambros, 2004) . Because there may be multiple targets of a single miRNA, dysregulation of miRNA expression is thought to play an important role in the progression of a variety of diseases (Jansson and Lund, 2012) . However, little attention has been paid to the role played by miRNA during infant brain damage caused by hypoxia. Recent reports have demonstrated that the level of certain miRNAs such as miR-30b and miR-182 is upregulated during damage to the brain caused by lack of oxygen, and these miRNAs are involved in the regulation of cellular apoptosis after injury (Ding et al., 2015; Han et al., 2015) .
By utilizing a well-established hypoxia rat model of HIBD (Zhang et al., 2013) , we investigated the molecular mechanism of brain damage due to hypoxia in neonates. During our miRNA assay screening, we occasionally found that miRNA-152 (miR-152) was significantly changed in the rat brain tissue as well as in human brain microvascular endothelial cells (HBMECs). Further analysis indicated that the phosphatase and tensin homolog gene (PTEN) could be the putative target of miR-152, which was further verified by our in vitro study. Moreover, overexpression of miR-152 could promote cell survival and inhibit apoptosis in vitro. In summary, these results will benefit the development of therapeutic strategies for treating infant brain damage caused by hypoxia.
MATERIAL AND METHODS

Ethics statement
The animal procedures used in this study were issued by the Ministry of Science and Technology (Beijing, China) and approved by the General Hospital of Jinan Command. All handling procedures were conducted according to recommendations proposed by the General Hospital of Jinan Command and all efforts were made to minimize suffering. Animals were housed in a temperature-controlled room with proper darkness-light cycles, and were fed a regular diet.
Rat model of low oxygen brain injury, tissue preparation, and miRNA microarray Six newborn male Sprague Dawley (SD) rats were purchased from the Chinese Academy of Military Science (Beijing, China). The rats (N = 3) were exposed to low oxygen (2% O 2 ) for 24 h while the controls (N = 3) remained in a normal environment. The frontal cortex was removed from the brains of the rats by micro-dissection, as previously described (Chiu et al., 2007) The RNAs were then purified with TRIzol ® Reagent (Invitrogen, Carlsbad, CA, USA) according to manufacturer instructions. RNase-free DNase (Promega, Madison, WI, USA) was used to remove DNA from the RNA isolation procedure.
RNA samples were pooled from both groups and hybridized to the Agilent Rat miRNA Microarray Release 16.0, 8x15K (Agilent Technologies, Santa Clara, CA, USA) following the manufacturer protocol. Arrays were scanned using an Agilent Microarray Scanner and Feature Extractor (software v9.5.1). Real-time polymerase chain reaction (qPCR) was used to confirm the presence of miRNA-152 (hereafter referred to as miR-152) in the arrays.
Cells, miR-152 mimics, and chemicals
HEK293T cells maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (Gibco, Carlsbad, CA, USA) were used only for the reporter assay. The primary HBMECs (ACBRI 376) were commercially purchased from Cell System (Kirkland, WA, USA) and maintained in CSC Complete Medium (Cell System, 4Z0-500) according to the manufacturer instructions. Transfection of HEK293T or HBMEC with plasmid DNA or the miRNA mimic was conducted using Lipofectamine 
Reporter plasmid and luciferase-based miRNA functional assay
The human PTEN 3'-untranslated region (UTR) reporter plasmid psiCHECK2-PTEN-3'-UTR (Addgene plasmid # 50936) was obtained from Addgene (Cambridge, MA, USA). The activity of luciferase in the HEV293T cells transfected with psiCHECK2-PTEN-3'UTR along with miR-152 or the miR-control was evaluated using a Dual-Glo ® Luciferase Assay System (Promega) according to the manufacturer instructions. The luminescence signal was measured with a VICTOR3 TM Multilabel Counter (Perkin-Elmer, Waltham, MA, USA). Relative percentages of luminescence intensity were calculated by comparison with the miRcontrol transfected cells.
Reverse transcription and qPCR
RNA isolation from in vitro-cultured cells was conducted using TRIzol (Invitrogen). Complementary DNA (cDNA) generation for the quantification of miRNA expression was carried out using a Hairpin-it TM miRNA RT-PCR Quantitation Kit (GenePharma, Shanghai, China) and ABM hsa-miR-152 Primers (Applied Biological Materials Inc., Richmond, BC, Canada) according to the manufacturer instructions. For cellular gene transcripts quantification, reverse transcription via AMV reverse transcriptase (Promega) was carried out using a combination of oligo dT and a random hexamer according to the manufacturer instructions, and qPCR detection with SYBR Green Mix (Life Technologies) for the targeting genes, as described previously (Patel et al., 2008; Patel et al., 2010) . Transcripts of the glyceraldehyde 3-phosphate dehydrogenase gene (GAPDH) and U6 small nuclear RNA (snRNA) were also amplified from the same sample to serve as an internal control for the cellar gene or miRNA normalization, respectively. Gene expression was quantified using the 2 -∆∆Ct method (Livak and Schmittgen, 2001 ). The primers used in this study are listed in Table 1. *Applied Biological Materials Inc., Richmond, BC, Canada. 
Flow cytometry-based cell apoptosis assay
Cells were transfected with the miR-152 mimic or the scrambled control, and treated accordingly. The cells were then trypsinized, fixed with 70% ethanol, and permeabilized with phosphate-buffered saline containing 1% TritonX100 (Sigma-Aldrich). A total of 1 x 10 6 HBMECs were stained with fluorescein isothiocyanate-labeled annexin V and propidium iodide. The stained cells were analyzed using a flow cytometry machine (FACSCalibur TM , BD Biosciences, San Jose, CA, USA) for apoptosis analysis.
Western blotting
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting were carried out as described previously (Patel et al., 2010; Nan et al., 2012) . Briefly, after the denatured proteins had been transferred onto a polyvinylidene difluoride membrane, the membrane was blocked and probed by rabbit anti-Bax (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-Bcl-2 (Santa Cruz Biotechnology) antibodies. Specific reactions between the different antibodies and the corresponding proteins were detected using goat anti-rabbit antibody conjugated with horseradish peroxidase (Sigma-Aldrich, St. Louis, MO, USA), and were revealed by a chemiluminescence substrate. The antibody targeting GAPDH (Santa Cruz Biotechnology) was also included to normalize the total protein loading. The chemiluminescence signal was digitally recorded and analyzed using the ChemiDoc XRS imaging system (Bio-Rad, Hercules, CA, USA) with the Quantity One Program (version 4.6, Bio-Rad).
Statistical analysis
Statistical analysis was conducted using Excel (Microsoft) and graphs of the data were produced using Prism version 5.0 (GraphPad Software). Comparisons between the different groups were subjected to the Student t-test. A two-tailed P value of less than 0.05 was considered significant.
RESULTS
miR-152 expression significantly increased after hypoxic treatment in the SD rats
During our microRNA array screening for the significantly changed microRNAs in the brain tissue after hypoxic treatment of SD rats, we noticed that miR-152 was one of the most upregulated microRNAs in response to hypoxic treatment (unpublished data). To confirm that these findings were applicable to humans, we used primary human brain microvascular endothelial cells (HBMECs) to verify the results observed in rats. The HBMECs were subjected to hypoxia (2% O 2 ) and total RNA was extracted at indicated time-points for validation of miR-152 expression by qPCR. The results indicated that the upregulation of miR-152 was time-dependent in the hypoxic group and increased 4 h after exposure. The expression of miR-152 reached a peak at 24 h (5.6-fold) and started to decline in the HBMECs 48 h after exposure ( Figure 1A) . Figure 1 . miR-152 expression was stimulated by hypoxic treatment and the phosphatase and tensin homolog gene (PTEN) was predicted as the target for miR-152. A. miR-152 expression in human brain microvascular endothelial cells (HBMECs) subjected to hypoxia treatment. Cells were transfected with miR-152 for 48 h, then subjected to low oxygen for the indicated time-points. Cells from each group were then harvested using TRIzol and subjected to realtime polymerase chain reaction (qPCR) detection of miR-152. B. miR-152 sequence alignment for the 3' untranslated region (UTR) of rat and human PTEN mRNA. Nucleotides paired between miR-152 and PTEN 3'UTR human and rat sequences are shown in red. Significant differences are marked with asterisks (**), which means P < 0.05.
Although, our data demonstrate that miR-152 can be induced by deprivation of oxygen, the role played by miR-152 during hypoxia treatment is still unclear. By analysis of the potential targeting sequence of rat miR-152 as well as its counterpart in humans, we noticed that the 3'-UTR of the PTEN gene contains two putative binding sites for miR-152 with a slide position variation between rats and humans ( Figure 1B) . Owing to the action of its phosphatase protein product, PTEN is considered a tumor suppressor gene (Chu and Tarnawski, 2004) . As PTEN is involved in the regulation of the cell cycle, preventing cells from over-proliferation, as well as cell apoptosis (Chu and Tarnawski, 2004; Hao et al., 2009) it is possible that hypoxia-induced miR-152 protects the cell by targeting PTEN at the mRNA level.
PTEN is the target gene of miR-152
To verify that PTEN is the real target gene of miR-152, we first used a luciferase reporter vector containing a PTEN 3'-UTR to determine whether overexpression of miR-152 inhibited luciferase activity. In Figure 2A , compared with cells transfected with the miRcontrol, expression of luciferase was reduced to only 0.6-fold in the miR-152-transfected group, suggesting binding of miR-152 to the 3'-UTR of the PTEN mRNA. Moreover, besides the luciferase reporter assay, we also tested the level of endogenous PTEN mRNA by qPCR in the HBMECs with miR-152 or miR-control transfection. It was shown that transfection of miR-152 resulted in a 70% reduction of PTEN mRNA compared with the control ( Figure 2B ). Furthermore, western blotting also revealed a significant reduction in the PTEN protein and confirmed the results of qPCR ( Figure 2C ).
Transfection of miR-152 inhibits apoptosis induced by hypoxia in HBMECs
Apoptosis can be induced in various cell types in response to hypoxia, and many proteins participate in this process (Chu and Tarnawski, 2004) . As PTEN has been considered a tumor suppressor for many cancer cells and overexpression of PTEN leads to apoptosis (Hao et al., 2009) , we expected that the inhibition of PTEN via miR-152 would inhibit apoptosis induced by hypoxia. When the miR-control and miR-152 were transfected into HBMECs and the cells were subjected to hypoxia (2% O 2 ), cell apoptosis was determined by flow cytometry. Our data revealed that there was little increase in the number of miR-control-transfected cells undergoing apoptosis compared with MOCK. However, after subjection to hypoxia, the number of cells undergoing early and late apoptosis increased dramatically to 22.9 and 3.82%, respectively ( Figure 3A) . However, transfection with miR-152 inhibited the expression of PTEN, and cells experiencing early and late apoptosis were reduced to 9.52 and 2.02% ( Figure  3A) , respectively, suggesting that miR-152 plays a protective role in HBMECs during hypoxia.
Moreover, it was also interesting to note the expression of pro-apoptotic and antiapoptotic genes in HBMECs after PTEN expression had been inhibited by miR-152. The bestknown anti-apoptotic proteins, B-cell lymphoma 2 (Bcl-2) (Tsujimoto et al., 1984) and Bcl-2-associated X protein (Bax), another member of the Bcl-2 family (Oltvai et al., 1993) , were examined in this study. As shown in Figure 3B , hypoxia treatment of HBMECs did not change the expression of Bcl-2 but upregulated the pro-apoptotic Bax. However, with the transfection of miR-152, Bcl-2 expression was significantly increased. In contrast, without hypoxia stimulation, the Bax expression level was only 0.41-fold compared with the cells transfected with the miR-control. A similar expression pattern was also observed in the hypoxia-treated cells ( Figure 3B) , suggesting that the downregulation of Bax may be one possible explanation for apoptosis inhibition in miR-152-transfected cells. Taken together, our data suggest that miR-152 protects against hypoxia-induced cell apoptosis by inhibiting PTEN expression. 
DISCUSSION
miRNAs play an important role in gene expression regulation (Ambros, 2004) . It has been demonstrated that miRNAs are involved in the regulation of many of the biological functions of vascular endothelial cells, including proliferation, migration, and differentiation (Ambros, 2004) . Overexpression or downregulation of miRNAs can drive the protection or damage of vascular vessels (McDonald et al., 2012) . In this study, miR-152 was identified as a protector antagonizing apoptosis in brain vascular endothelial cells through the direct targeting of PTEN.
miR-152 is thought to be a tumor-suppressing miRNA. The authors of one report have suggested that miR-152 acts as a tumor suppressor in prostate cancer by targeting the 3'UTR of TGF-α (Zhu et al., 2013) . Other researchers reported epigenetic silencing by DNA hypermethylation of miR-152 in endometrial cancer, and restoration of miR-152 expression in endometrial cancer cell lines resulted in inhibition of tumor cell growth, both in vitro and in vivo (Tsuruta et al., 2011) . However, in our study, we found that miR-152 could be induced by hypoxia and inhibited hypoxia-induced apoptosis in vascular endothelial cells. Moreover, miR-152 could target PTEN to protect against apoptosis.
PTEN is one of the critical negative regulators of the PI3K-Akt signaling pathway and is considered a tumor suppressor gene (Chu and Tarnawski, 2004; Wang and Jiang, 2008) . The cellular functions of PTEN include regulation of proliferation, cell growth, migration, genomic stability, and stem cell self-renewal (Wang and Jiang, 2008) . PTEN activity can be regulated by mutations, epigenetic silencing, transcriptional repression, aberrant protein localization, and post-translational modifications (Wang and Jiang, 2008) . Dysregulation of PTEN expression and activation has been reported in many cancers (Li et al., 1997; Chen et al., 2005) . Several miRNAs, such as miR-19a (Dou et al., 2015) , miR-21 (Qi et al., 2009 ), miR-26a (Huse et al., 2009) , and miR-214 (Schwarzenbach et al., 2012) have been identified as regulators of PTEN expression. In these reports, overexpression of miRNAs targeting PTEN has been considered a contributing factor for tumor development (Huse et al., 2009) . However, as our study indicated, miR-152 is also a potential regulator of PTEN; most previous reports have indicated that miR-152 acts as a tumor suppressor by targeting proteins other than PTEN (Cheng et al., 2014; He et al., 2015; . Therefore, although our data suggest a protective function of miR-152 during hypoxiainduced apoptosis in primary microvascular endothelial cells, the miR-152-PTEN relationship and its effects on the development and progression of cancer requires further investigation.
However, although PTEN does act as a tumor suppressor by inhibiting cell proliferation, it has also been demonstrated that PTEN has potential as a therapeutic target for gene deletion or mutation in tissue regeneration, especially in neuron tissue (Zhou et al., 2003; Ji et al., 2006) . Therefore, it is possible that PTEN plays a special role in protection or regeneration in neuron or brain tissue, which may be related to our observation. In conclusion, miR-152 is a hypoxia-induced miRNA that is upregulated in hypoxia-treated infant rat brain tissues as well as in human microvascular endothelial cells cultured in vitro. miR-152 can antagonize hypoxia-induced apoptosis by downregulation of PTEN, suggesting that miR-152 may protect the brain during conditions of low oxygen or low blood flow.
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